INTRODUCTION
As in many technical fields, the introduction of lasers experiments in which we discovered NS in flames will be described in detail below.
In this paper we will describe laser-induced fluorescence spectroscopic measurements in flames, using examples from our own laboratory to portray the method.
We emphasize that this article is intended to be illustrative and does not constitute a review of the field as a whole. Recorder flame /5/. One thus obtains a record of the absorption spectrum of the molecule in question, but with a significant difference compared with conventional absorption spectra. In LIF, one detects a positive fluorescence signal against a null background. This contrasts with the small dip in a large transmitted beam that constitutes normal absorption measurements. Thus LIF yields very high sensitivity; total absorptions less than 10" 6 per cm produce strong LIF signals. Molecular concentrations in the ppb to ppm region can be readily measured.
LIF possess a number of other attributes which make it useful as a combustion probe. The laser can be focussed and the resulting fluorescent signal in turn imaged onto JA-330543-68A As the laser is tuned, it goes in and out of resonance with the molecular absorptions, so that the fluorescence signal is produced each time a match occurs. Such a so-called excitation scan is schematically depicted in Fig. 2 . In Fig. 3 is shown an experimental excitation scan; here the laser was tuned through part of the absorption spectrum of one particular transition of the CH molecule present in the reaction zone of a CH 4 /air In addition to point measurements of radical species, LIF can be used in one-/7/ and two-dimensional The LIF signal intensity S is given by:
EXCITATION SCAN
Here, c represents a collection of apparatus parameters specific to the particular experimental setup. This includes the volume probed by the laser and solid angle viewed by the lens collecting the fluorescence, the filter (or monochromator) transmission, the photomultiplier sensitivity and gain, and the characteristics of the processing electronics such as amplifiers, inte- This detail is not explicitly represented in Eq. (1) but must be accounted for in quantitative measurements /2/.
The collisional rates for either quenching or energy transfer are highly dependent upon the individual radical species and the local collisional environment (composition, temperature and overall density) at the location of the LIF measurement. In most cases, the limits of the accuracy attainable with LIF measurements are given by the state of knowledge of the appropriate collisional parameters. A recent assessment 19/ of the situation for the diatomic hydrides OH, NH and CH was made. A most promising conclusion was reached for the case of OH, at least in flames of methane and ammonia burning in oxygen. Knowledge of the temperature and initial mixing ratio should furnish enough information to estimate φ to within about 30% in those situations. However, for the other hydrides (and all other molecules given in Table 1) there is available no information on the temperature dependence of the quenching cross sections, and very little concerning variation with collision partner. For molecules other than OH, φ for given flame conditions can be estimated to perhaps a factor of three to five, simply from general knowledge of molecular collisional phenomena. We shall make use of this in our study of NS described below.
LIF SPECTRA IN FLAMES Figure 3 exhibits an LIF excitation scan through a portion of the spectrum of the CH molecule in an atmospheric pressure flame of methane burning in oxygen. The intensities of the individual absorption lines shown in the figure may be analyzed to yield relative populations of rotational levels in the ground vibrational level of the ground electronic state of the CH. When plotted in 'Boltzmann' form, that is, the logarithm of the population divided by the quantum degeneracy of the level vs. the energy of the level, the populations furnish a rotational temperature (see Fig. 4 ). This may be safely assumed the same as the gas temperature at the location of the measurement. Thus, by scanning the laser, the temperature may be determined using LIF.
Aside from possible participation in prompt-NO x formation via the CH + N 2 reaction, the role which CH plays in flames is not at all known. This is because of an inability to incorporate CH into combustion chemistry models, due in turn in large part to the lack of knowledge of its reaction rates, particularly at high temperature. CH is easily observed, however, both by LIF and by direct emission spectroscopy. Part of our impetus for studying its presence in flames has been to understand its role so as to describe hydrocarbon ignition chemistry in practical systems such as pulsed combustors. One aspect of this is a comparison of CH signals observed via LIF compared with direct CH emission spectra in a flame. In the latter case, the light comes from CH which is formed directly in the excited state by means of some energetic, chemiluminescent reaction, perhaps C 2 + OH -* CH* + CO. The result of this reaction yields a different distribution over upper state rotational levels, due to the quantum-state-specific nature of the reaction. An example is shown in Fig. 4 fact illustrating the nonthermal nature of ordinary light emission from flames.
As one proceeds to larger molecules, the excitation spectra can become much more complex. We have noted that it may be necessary to discriminate between two absorbing species on the basis of the fluorescence spectra. A fluorescence spectrum is obtained by tuning the laser to a specific excitation, then keeping its wavelength fixed while scanning a monochromator which views the fluorescence (see Fig. 7 ). This may be used to look at different emission bands, as indicated in the figure, or to investigate collisional effects (see below). is broader, due to a different spectral resolution used, but the pattern is clearly recognizable. Also present is fluorescence from OH and CN, excited simultaneously at the same laser wavelength. Obviously, one would wish to look at the 201 or 102 band to obtain the most interference-free spectrum (in actuality, the A-X system shown in Figs. 5 and 6 is generally preferable to NCO detection). Near the excitation used in Fig. 8 lies a region where a single laser wavelength can simultaneously excite /13/ OH, NH, CH and CN; this finding opens the possibility of obtaining simultaneous, instantaneous 2D images of each of these radicals. A fluorescence scan can also be used to examine the effect of energy transfer collisions upon the molecule while it resides within the electronically excited state. Fig. 9 shows an example, from a study of rotational, vibrational and electronic energy transfer in the CH radical in atmospheric pressure flames /5/. In this case, rotational energy transfer is illustrated. The particular rotational level Ν = 14 is pumped by the laser. In the spectrally resolved R-branch emission (see Fig. 9 ), the rotational line emitted by Ν =14 is much larger than any others. However, transfer 
WAVELENGTH (nm)
JA-2230-1 7B has occurred to other rotational levels, as shown by the existence of other R-branch lines. The population distribution in the excited state is neither thermal, nor does it reside exclusively in the laser-pumped level. Rather, the distribution reflects a competition between rotational energy transfer (which drives the distribution toward thermal equilibrium) and quenching (which removes the molecules from the emitting state altogether). Recall also that the emitting CH formed from the chemiluminescent reaction was not describable by a temperature (Fig. 4) . This is because the nascent product rotational distribution is in high-N levels, which do not thermalize at the flame gas temperature due to this same competition. In our energy transfer study, we found that rotational transfer in CH occurred about three times as fast as quenching. Such studies are needed for quantitative measurements of LIF and chemiluminescence; they also provide interesting fundamental information on molecular collision dynamics.
LABORATORY STUDIES FOR LIF DEVELOPMENT
Quantitative measurements of combustion reaction intermediates using LIF require knowledge of a large number of spectroscopic and collisional parameters.
As we shall see in the next section, crude estimates can in many cases provide very useful information.
It is desirable, however, to have as much directly mea- It is noteworthy that all the combustion intermediates detectable by LIF were first studied by chemists and physicists as part of fundamental spectroscopic studies, not by the user, applications-oriented community.
(Hence, it is important to establish a coupling between current and future needs on the one hand and current and likely capabilities on the other).
The excitation scan studies furnish both line positions (e.g., Fig. 6 ) and intensities; from knowledge of appropriate spectroscopic parameters one can calculate line strengths needed for a reduction of the spectral intensities to populations (Figs. 3 and 4) . The Einstein emission coefficient A is the reciprocal of the radiative lifetime τ τ :
r r may be measured under very-low-pressure conditions in the flow system. A pulsed laser excites the molecule, and the direct time-dependent decay of the fluorescence is measured by a fast-response photomultiplier, amplifier and data acquisition system. If one adds to the system a known density n$ of some collider gas of species i, the effective, observed lifetime is shortened due to quenching collisions:
where kQj is the quenching rate constant (units: cm" 3 · s" 1 ) for collider species i and the radical under study.
An example of a series of lifetimes with increasing collider density is given in Fig. 10 . These measurements /15/ were made at room temperature in a flow system.
In the flame itself, the quenching rate Q is given by a sum of all these bimolecular collision rates and the densities of each species:
To be applicable to flames, one must thus know the temperature dependence of the quenching rate con- We next moved to a simulated coal flame, for which we used methane burning in oxygen, seeded with NH 3 and H 2 S to represent fuel nitrogen and sulfur. The results obtained here were identical to those in the is governed by predissociation, whose rate Ρ was taken from magnetic depolarization ('Hanle effect') measurements (the effective lifetime, ~ 6 ns, is too fast for direct measurement with our electronics). With A and Ρ, φ can be calculated if the quenching rate Q is known. However, quenching of the C-state has never been measured. We estimated individual kQj by analogy with previous studies on NO and PO, and our measurements on the B-state of NS. A careful consideration of all these factors led to an estimate of an uncertainty of a factor of three in the resulting absolute concentration. How good is a measurement to within a factor of three? When the molecule has never been seen before in a flame, it can be quite revealing. For example, in some flames, the steady-state NS concentration within the flame zone is as much as 5% of the added sulfur. This means that a very large fraction of the sulfur is being processed through this radical. With this information, and the fact that the NS signal disappeared quickly as the laser was moved into the burnt gases, we deduced that the NS was removed by a reactant present at concentrations of at least a few tenths of a mole percent. It was produced by a reaction between some radical (present at 10 ppm or more) reacting with a stable species present at ~ 0.1% or more.
We concluded that NS may be an important reaction intermediate in the reducing atmosphere of rich hydrocarbon flames containing fuel nitrogen and sulfur, and that it may play a major role in NO x -SO x interactions. This observation of its presence does not prove that role, but certainly further studies in flames and direct measurement of its reaction rates are called for. This does demonstrate that, even in the absence of a full set of analytical parameters, LIF can be a powerful tool for bringing new types of insight into combustion chemistry.
CONCLUSION
In this paper we have given k brief review of the method of laser-induced fluorescence, as used to understand the chemistry of combustion. LIF is seen to be a very sensitive and selective means of measuring trace chemical reaction intermediates, affording a high degree of spatial and temporal resolution and a nonintrusive nature.
For highly quantitative studies using LIF, a variety of spectroscopic and collisional parameters is needed in the analysis of signal levels. These can be obtained through separate laboratory studies in low pressure flow systems, a laser pyrolysis/laser fluorescence system, or in flames themselves. Such measurements are clearly warranted for a number of radicals including the important OH molecule, which is the subject of many LIF combustion measurements.
Even when these parameters are not available, however, LIF can be very useful. The only requirement is that the species in question be unambiguously identifiable in a flame system. An example was given of the first detection of the NS radical in a flame, and important conclusions were reached concerning its participation in coal flames and the interaction between the formation of NO x and SO x in such flames. Clearly, both quantitative measurements and semiquantitative observation of flame radicals using LIF will greatly add to our knowledge of detailed flame chemistry in the future.
